Ammonia (NH 3 ), as an alkaline gas in the atmosphere, can cause direct or indirect 23 effects on the air quality, soil acidification, climate change as well as human health. 24 Estimating surface NH 3 concentrations is critically important for modelling the dry 25 deposition of NH 3 and for modelling the formation of ammonium nitrate, which have 26 important impacts on the natural environment. However, sparse monitoring sites make 27 2 it challenging and difficult to understand the global distribution of surface NH 3 28 concentrations both in time and space. We estimated the global surface NH 3 29 concentrations for the years of 2008-2016 using the satellite NH 3 retrievals combining 30 its vertical profiles from the GEOS-Chem. The accuracy assessment indicates that the 31 satellite-based approach has achieved a high predictive power for annual surface NH 3 32 concentrations compared with the measurements of all sites in China, US and Europe 33 4 et al., 2017). The IASI NH 3 measurements have been validated with NH 3 columns 87 measured by the Fourier transform infrared spectroscopy (FTIR), ground-based NH 3 88 measurements, NH 3 emissions and atmospheric chemistry transport models (CTMs) 89 (Dammers et al., 2016;Van Damme et al., 2014c;Van Damme et al., 2014a;Whitburn 90 et al., 2016). 91 Apart from satellite retrievals, CTMs are also powerful tools to investigate 92 spatiotemporal variability of surface NH 3 concentrations in the atmosphere. Schiferl et 93 al. evaluated the modelled NH 3 concentrations during 2008-2012 from GEOS-Chem, 94 and found an approximately 26% underestimation compared with the ground-based 95 measurements, which can be related to the relatively large uncertainties in NH 3 96 emissions used for driving GEOS-Chem (Schiferl et al., 2015). Zhu et al. used the 97 GEOS-Chem constrained by TES measurements to estimate surface NH 3 98 concentration during 2006-2009, and found an improvement in comparison with the 99 ground-based measurements in the United States (Zhu et al., 2013). Schiferl et al. 100 used the airborne observations to validate the simulated NH 3 concentrations in 2010 101 from GEOS-Chem, and revealed reasonably simulated NH 3 vertical profiles compared 102 with the aircraft measurements but with an underestimation in surface NH 3 103 concentrations in California (Schiferl et al., 2014). A number of previous studies have 104 used satellite NO 2 columns to estimate the surface NO 2 concentrations combining 105 NO 2 vertical profiles from CTMs (Geddes et al., 2016;Lamsal et al., 2013;Nowlan et 106 al., 2014;Liu et al., 2017c). The methods of using the vertical profiles to convert 107 satellite-retrieved columns to surface concentrations have been proven successful for 108 SO 2 and NO 2 (Geddes et al., 2016;Geng et al., 2015;Lamsal et al., 2008;Nowlan et al., 109 2014). CTMs can provide valuable information of NH 3 vertical profiles (Whitburn et 110 al., 2016;Liu et al., 2017b), and IASI-derived surface NH 3 concentrations combining 111 NH 3 vertical profiles from CTMs in China and Europe were evaluated previously (Liu 112 et al., 2017b;Graaf et al., 2018). This study followed these studies to estimate the 113 satellite-derived global surface NH 3 concentrations using IASI NH 3 retrievals and the 114 vertical profiles from GEOS-Chem, and the present study aims to estimate the global 115 surface NH 3 concentration from a satellite perspective.
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global NH 3 vertical profiles (using the year of 2014 as a case study in the results and 172 discussion). We did the spin up for 5 months, which well exceed the typical lifetime 173 of atmospheric NH 3 (typically within 24 hours) and aerosol ammonium ions (typically 174 within a week) (Pye et al., 2009 ). It has a spatial resolution of 2° latitude × 2.5° 175 longitude × 47 vertical layers spanning over Earth's surface and about 80 km above it. 176 It is driven by the meteorological field data of the GEOS-FP (forward-processing) 177 products, which were produced by NASA GMAO (Global Modelling and 178 Assimilation Office) (https://gmao.gsfc.nasa.gov/). Here we modelled the NH 3 179 vertical profiles using GEOS-Chem, and used the monthly averages for analysis. The inventories and EDGAR is that seasonality of emissions is included in regional 191 inventories. The seasonality of regional emissions inventories is embedded as integral 192 part of the inventory except EMEP (Janssens-Maenhout et al., 2015; Crippa et al., 193 2018; Lenhart and Friedrich, 1995) . The biomass burning emissions are from Global 194 Fire Emissions Database (GFED4) including agricultural fires, wildfire and 195 pre-scribed burning (Giglio et al., 2013) . The GEOS-Chem simulates a 196 comprehensive atmospheric NO x -O 3 -VOC-aerosol system (Mao et al., 2013) . The 197 thermodynamic equilibrium of NH 3 -H 2 SO 4 -HNO 3 system is simulated by the 198 ISORROPIA II model (Fountoukis and Nenes, 2007; Pye et al., 2009) . The modelling 199 of wet deposition is described by a previous study (Liu et al., 2001) with updates from 200 the studies (Amos et al., 2012; Wang et al., 2011) . Dry deposition of particles follows 201 8 the size-segregated treatment (Zhang et al., 2001) and gaseous dry deposition follows 202 the framework (Wesely, 1989) with updates from a previous study (Wang et al., 1998) . 203 We archive the output daily averages of NH 3 concentrations as well as the averages 204 between 9 and 10 am, which corresponds to the local crossing time of IASI (9:30 am).
205
The local time is the time in a particular region or area expressed with reference to the 206 meridian passing through it. The relationship between NH 3 concentration at 9-10 am 207 and the daily averages derived from the GEOS-Chem was used to convert the satellite 208 observed NH 3 column to daily averages (Nowlan et al., 2014) .
209
Estimation of surface NH 3 concentrations 210 We estimated global surface NH 3 concentrations using the IASI NH 3 columns as well 211 as the GEOS-Chem. We took into account the advantages of IASI NH 3 columns with 212 high spatial resolutions and the GEOS-Chem with vertical profiles. (2) 233 where n ranges from 1 to 6. If n equals 1, the equation (2) is the same as the equation
234
(1); if n is greater than 1, the equation (2) is the multiple three-parameters Gaussian 235 items. We determined the value of n that can simulate the NH 3 vertical profiles with 236 best performance at each grid box using the determining coefficients of R-Square (R 2 ).
237
Once the NH 3 vertical profiles were determined at each grid box, we can extrapolate 238 NH 3 concentrations at any height from the GEOS-Chem ( columns calculated from GEOS-Chem; 9−10 is the average IASI NH 3 columns 246 at a GEOS-Chem grid at 9-10am.
247
We found a high correlation (R=0.96 and p=0.000) between the surface NH 3 248 concentrations and NH 3 columns based on the GEOS-Chem outputs (Fig. S1) . Then
249
we used the satellite-derived scaling factor to downscale the satellite-derived surface 250 NH 3 concentrations at a GEOS-Chem grid by using the following ratio:
where is the scaling factor. 9−10 is the satellite-derived surface NH 3 254 concentrations at a satellite IASI grid size (0.25° latitude ×0.25° longitude) at 9-10am.
255
To convert the instantaneous satellite-derived surface NH 3 concentrations to 256 daily average surface NH 3 concentrations, we followed the methods (Nowlan et al., respectively.
282
To more vividly depict the vertical profiles of NH 3 , we show NH 3 vertical 283 11 concentrations with cross-section drawn at 37 o N in January, 2014 ( Fig. S4) . High NH 3 284 concentrations are mainly concentrated in the 1-10 layers, and show a significant 285 decrease trend with the increasing altitude, which is consistent with the aircraft 286 measurements (Preston et al., 1997; Lin et al., 2014; Levine et al., 1980; Shephard and 287 Cady-Pereira, 2015; Li et al., 2017b; Tevlin et al., 2017) . NH 3 vertical profiles were 288 fitted by Gaussian function (2-6 terms) based on the 47 layers' NH 3 concentrations 289 from the GEOS-Chem, and the fitting accuracy was determined by R 2 . We found that 290 the NH 3 vertical profiles on the land between 60°N and 55°S can be well modelled 291 using Gaussian function (R 2 higher than 0.90) ( Fig. 1) . Previous studies also found 292 high accuracy using the Gaussian function to simulate the NH 3 vertical profiles in 
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A known limitation of IASI NH 3 retrievals is lack of the vertical profile information. manure, the hotspots of surface NH 3 concentration can basically reflect the 393 distribution of high N fertilization (R 2 =0.37, p=0.000 in Fig 4 and Fig. 5) . 394 In Europe, the overall mean surface NH 3 concentrations were 1.8 μg N m -3 , with the in the most areas of the US, and only small areas had PM 2.5 greater than 10 μg m -3 .
434
Similarly, in western Europe, the hotspots of high surface NH 3 and NO 2 435 concentrations (greater than 3 μg N m -3 ) were consistent with the hotspots of PM 2.5 436 (greater than 20 μg m -3 ).
437

Seasonal variations of satellite-derived surface NH 3 concentrations 438
To investigate the seasonal variations of surface NH 3 concentrations, we took the 439 monthly surface NH 3 concentrations in 2014 as a case study (Fig. 6) , and analyzed the 440 seasonal surface NH 3 concentrations in hotspot regions including East China (ECH),
441
Sichuan and Chongqing (SCH), Guangdong (GD), Northeast India (NEI), East US
442
(EUS) and West Europe (WEU) (Fig. 7) . 443 Seasonal mean IASI-derived surface NH 3 concentrations vary by more than 2 orders Fig. 7) with the maximum in May due to higher temperature and 459 emissions in vast croplands, where the agricultural mineral N fertilizers dominate the 460 17 NH 3 emissions. A previous study also implied a spring peak in NH 3 emissions in the 461 eastern US (Gilliland et al., 2006) . Since the spatial patterns of high surface NH 3 462 concentrations are highly linked with the spatial distributions of croplands, seasonal 463 surface NH 3 concentrations mainly reflects the timing of N fertilizers in the croplands.
464
In western Europe, surface NH 3 concentrations is low in January and February, rising 465 in March and reaching its maximum, keeping high from March to June, then declining 466 from June to December (Fig. 7) . High NH 3 concentrations appeared from March to 467 June, mainly affected by higher temperature and frequent N fertilization (Van Damme 468 et al., 2014b; Paulot et al., 2014; Van Damme et al., 2015; Whitburn et al., 2015) .
469
To identify the major regions of biomass burning that may affect the spatial counts were used to identify the hotspot regions of biomass burning. In the major 478 hotspots with frequent fires (mostly in the southern hemisphere), the biomass burning 479 controlled the seasonal surface NH 3 concentrations ( Fig. S8 and Fig. S9) , such as, for 480 instance, Africa north of equator, Africa south of equator and central South America.
481
Apart from the large areas with frequent fires in the southern hemisphere, we also 482 demonstrated the relationship of biomass burning and surface NH 3 concentrations in 483 China, US and Europe, and selected six typical regions in China (CH1 and CH2), US 484 (US1 and US2) and Europe (EU1 and EU2) ( Fig. 8) to analyze the monthly variations 485 of fire counts and surface NH 3 concentrations.
486
In China, the first region (CH1) covers the major cropland areas in northern China rice rotations, and the wheat is normally harvested from May to July, which can lead 499 to frequent fire counts there. Despite the more frequent fires in the second region than 500 the first region, the surface NH 3 concentrations in CH2 were much lower than those in 501 CH1. This may be due to the wetter climate and more frequent precipitation events in 502 CH2 than in CH1, resulting in higher scavenging of surface NH 3 concentrations into 503 water.
504
US1 is a region typical for forest land in the US, and the fire counts are certainly from 505 the forest fires or anthropogenic biomass burning. The monthly variations of surface 506 NH 3 concentrations were consistent with the monthly variations of MODIS fire counts, 507 which peaked in August with high temperature. Instead, US2 is a region typical for 508 mixed agricultural and forest lands, which can be influenced by both potential mineral 509 N fertilization and anthropogenic biomass burning or forest fires. It is clear to see that 510 there is a peak in surface NH 3 concentrations in October resulting from the biomass 511 burning because of the same peak in fire counts in October. However, there is also an 512 apparent peak in surface NH 3 concentrations in May, which may result from the 513 mineral N fertilization in this region. In Europe, the selected two regions of EU1 and 514 EU2 are mainly covered by crops, vegetables as well as forests. For EU2, the monthly In the US, the NH 3 increase was found in agricultural regions in middle and eastern 550 regions with an annual increase rate of lower than 0.10 μg N m -3 y -1 , which was 551 consistent with the results of AIRS NH 3 data for a longer time period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) shows that a significant positive increase rate of above 0.2 μg N m -3 y -1 appeared in 596 the eastern China during 2008-2016, and a middle increase trend (0.1-0.2 μg N m -3 y -1 ) 597 occurred in northern Xinjiang Province. In the US, the NH 3 increase was found in 598 agricultural regions in middle and eastern regions with an annual increase rate of 599 lower than 0.10 μg N m -3 y -1 . Li, M., Zhang, Q., Kurokawa, J., Woo, J. H., He, K., Lu, Z., Ohara, T., Song, Y., 
